BACKGROUND Inherited cardiac conduction disease is a rare bradyarrhythmia associated with mutations in various
Dysfunction of the cardiac conduction system is primarily due to acquired conditions, such as agerelated degeneration, pathological conditions, postoperative complications, and drug toxicity (2) .
Inherited cardiac conduction diseases (CCDs) were first described by Lenègre (3) and Lev (4) as a progressive fibrotic process in the His-Purkinje system, characterized by bundle branch blocks with wide QRS complexes, leading to complete AV block, syncope, and sudden death. CCDs are rare arrhythmia disorders that involve mutations in genes that encode cardiac ion channels (HCN4, SCN5A, TRPM4, SCN1B), membrane adaptor proteins (ANK2), transcription factors (NKX2-5, TBX5, GATA4), components of the inner nuclear membrane (LMNA, EMD), and Cx40 (GJA5), which all regulate action potential generation and propagation (5, 6) . Most CCDs are isolated cardiac conditions, but a few syndromic forms have been described, such as Andersen-Tawil syndrome (periodic paralysis) (7), Holt-Oram syndrome (upper limb skeletal abnormalities) (8, 9) , and Emery-Dreifuss muscular dystrophy (muscular dystrophy) (10) .
Congenital AV block is a rare arrhythmic disorder with an estimated prevalence of 1 in 14,000 to 20,000 live births (11) . Transplacental passage of maternal anti-Ro-SSA and/or anti-La-SSB autoantibodies accounts for 90% to 99% of cases of congenital AV block diagnosed before 6 months of age (12) .
The remaining cases of congenital and childhood nonimmune AV block, without underlying structural heart disease, exhibit strong heritability (13) , but the genetic basis of such idiopathic AV block is largely unknown.
To identify genetic determinants for nonimmune familial AV block, we performed trio whole-exome sequencing in 15 European cases with genotype-negative de novo AV block, as well as targeted exon sequencing of 457 CCD-susceptibility genes in 31 Japanese cases with genotype-negative familial AV block or sick sinus syndrome (SSS). We identified a Cx45 mutation, p.R75H, in 2 unrelated families: a de novo French case and a 3-generation Japanese family. Affected individuals commonly presented with progressive AV block, which resulted in atrial standstill, and was associated with an extracardiac phenotype of a brachyfacial cranial profile, finger deformity, and dental dysplasia, which suggests this is a novel disease entity of syndromic familial bradyarrhythmia.
METHODS
All individuals who were enrolled in the study gave written informed consent before genetic and clinical investigations in accordance with the standards of the Declaration of Helsinki and the local ethics committees. AV block and SSS were defined as previously described (14) . Subjects with underlying structural heart diseases, acquired autoimmune diseases, 
Novel Familial Syndromic AV Block With Cx45 Mutation congenital heart diseases, and other inherited arrhythmias, such as long QT syndrome and Brugada syndrome, were excluded. Electroanatomical mapping was performed, and cephalometric parameters were statistically analyzed by Ricketts' method to diagnose the facial patterns (Online Figure 1) (15) .
For the trio whole-exome sequencing, we recruited a total of 15 European de novo AV block cases and their parents (Online Table 1A ). Coding exons were captured from genomic DNA. For the targeted exon sequencing of conduction susceptibility genes, a total of 31 Japanese patients with familial AV block and/or SSS were recruited (Online Table 1B ). Mutations in SCN5A, KCNQ1, KCNH2, HCN4, GJA5, MYH6, and LMNA were excluded by Sanger sequencing. Genomic DNA was captured by a custom probe panel for 457 arrhythmia susceptibility genes (Online Table 2 ). Raw sequence reads were aligned to the human reference genome (GRCh37). After variation calling, variations were filtered with a minor allele frequency <0.1% using public variation databases.
Lucifer yellow dye transfer experiments were conducted as previously described (16) . GJ currents were recorded from Neuro-2a (N2a) cells using wholecell double patch clamp techniques as previously described (17).
All mice were bred and used according to the procedures approved by the Animal Care and Ethics Committee at Tokyo Women's Medical University.
Cx45
flox/flox mice we previously created (18) were crossed with the tamoxifen-inducible alpha-myosin heavy chainÀMerCreMer transgenic mice (19) to establish time-specific conditional knockout of Cx45 gene Gjc1 (Gjc1-CKO) in the heart on demand.
Tamoxifen was administered intraperitoneally (1 mg/ mouse) once a week 4 times, and the mice were subjected to electrophysiological study by the transesophageal pacing strategy as previously described (20) . Analysis was performed on the same mice before and after tamoxifen administration. Cx45 flox/flox mice were used as the control group (Online Figure 2 ). 
RESULTS
We analyzed the clinical information for 2 families.
FRENCH FAMILY A. The proband of the family was a 2-year-old boy (II:1) diagnosed with first-degree AV block at a physical examination that was initially planned for evaluating a systolic murmur. Holter electrocardiography (ECG) showed complete AV block with similar rates of P waves and QRS complexes (w100 beats/min), although he was asymptomatic ( Figure 1A) . He showed all degrees of AV blocks (from first to third degree), with progressively diminishing P waves that disappeared at 7 years of age. Cephalometric analysis showed a moderate brachyfacial pattern (short and wide face). He had a mild clinodactyly of the fifth finger on both hands. Dental investigation revealed mandibular permanent incisor agenesis (n ¼ 5) and microdontia of bilateral maxillary lateral incisors (n ¼ 2) (Figures 2A to 2C , Table 1 ). Both parents showed normal ECGs, and there was no family history of arrhythmia or sudden death. He is now 9 years old and asymptomatic (Online Figure 3A) . angle than control subjects ( Figure 2D ). In addition, both hands showed camptodactyly and clinodactyly of the third to fifth fingers. X-ray further revealed brachymesophalangy (Bell type A) ( Figure 2E ) (21).
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Dental examinations showed mandibular permanent incisor agenesis and microdontia of upper lateral incisors, which were observed in 3 affected members ( Figure 2F , Table 1 ). Permanent dental agenesis and retention of deciduous teeth were observed in the daughter and son, but was ambiguous in the proband.
Microdontia was identified in the proband and daughter ( Table 1 Table 1A ;
family 12), we identified 13,035 coding variants ( Table 3) . Targeted exon sequencing of 457 conduction Table 2; family 10 in Online Table 1B) . Filtering variations by minor allele frequency <0.1% using public variation databases, Sanger validation, and family cosegregation identified 3 candidate variations ( Table 3) . Only GJC1-c.G224A (p.R75H; NM_005497), which was identified in the third exon of the GJC1 gene encoding Cx45, was absent in public databases and was predicted to be deleterious by in silico prediction programs ( Table 3) . This mutation occurred de novo in a French boy and was segregated in a 3-generation Japanese family, with all cases diagnosed with congenital AV block associated with progressive atrial standstill.
MUTANT R75H-CX45. The extracellular half of the second and fourth transmembrane helixes, as well as the extracellular loops, were implicated in the intermonomer interactions of the hexameric connexons based on crystal structure analysis (22) , and the clinodactyly on the fifth fingers and camptodactyly on third through fifth fingers of the hand (arrows) were seen in the family B proband. (C and F) Microdontia of bilateral maxillary lateral incisor (asterisks) and mandibular permanent incisor agenesis (arrows) were observed in both probands. All photographs are reproduced with the written permission from the patients or the guardians. Abbreviations as in Figure 1 .
R75 was the highly conserved residue located at the junction of the first extracellular loop and the second transmembrane helix of Cx45 ( Figure 3) . Thus, we determined whether the R75H mutation disrupts hemichannel assembly using co-immunoprecipitation assays. Binding affinity of R75H-Cx45 was comparable to wild type (WT)-Cx45 ( Figure 4A ).
To investigate subcellular localization of mutant 
Retention of deciduous teeth
*Individual value (deviation from the mean). †Values are numbers of abnormal teeth. 
ECG AND ELECTROPHYSIOLOGICAL STUDY OF
GJC1-CKO MICE. None of the basic ECG heart rate parameters (PR interval, P-wave duration, QRS interval, QTc interval, P-wave amplitude, R-wave amplitude, and T-wave amplitude) were significantly changed after tamoxifen administration in Gjc1-CKO (n ¼ 9) or control mice (n ¼ 14) (Online Table 3 ). After tamoxifen administration, 7 of 9 mice spontaneously showed various atrial arrhythmias, such as sinus arrhythmia, P-wave wandering, and atrial fibrillation ( Figure 5A ). One mouse showed prolongation of the PR interval.
We investigated the impact of Gjc1 depletion on SA node automaticity, AV node conductivity, and the atrial refractory period. Sinus node recovery time and corrected sinus node recovery time were significantly prolonged by tamoxifen administration despite no significant change in SA conduction time AVw (an AV node conduction parameter that represents the minimum basic cycle length causing Wenckebach type AV block), and the atrial effective refractory period was not significantly changed in Gjc1-CKO mice ( Figures 5B to 5D , Online Table 4 ). Small AVw reductions after tamoxifen administration were observed in control mice, but the underlying mechanisms were not clear. There was no apparent difference in fibrosis at the SA node and AV node areas between Gjc1-CKO and control mice (Online Figure 6 ).
These data implied an essential role for Cx45 in automaticity of the SA node rather than AV conduction in mice.
DISCUSSION
The CCD families presented in this study illustrated a novel familial bradyarrhythmia entity characterized Caucasian family (23) and mapped to chromosome 1q32 (24) . However, the genes responsible were not identified. Second, the affected members in this study exhibited nearly identical extracardiac phenotypes of craniofacial and dentodigital dysplasia, which suggested this is a syndromic form of CCD.
Most CCDs are isolated cardiac conditions, but a few syndromic forms have been described, such as Andersen-Tawil syndrome (7), Holt-Oram syndrome (8, 9) , and Emery-Dreifuss muscular dystrophy (10).
PHENOTYPE SPECIFICITY OF CONNEXIN MUTATIONS.
GJs electrically connect cardiomyocytes and ensure proper action potential propagation throughout the heart. Three Cx isoforms (Cx43, Cx40, and Cx45) are expressed in the human heart, each characterized by chamber-specific regional distributions and permeation properties. Cx45 constitutes the low Table 4) .
Connexins are ubiquitously expressed in almost all tissues except differentiated skeletal muscle, erythrocytes, and mature sperm cells (26) . Osteoblastic cells are organized in a multicellular network, interconnected by GJs formed mainly by Cx43 and Cx45.
Alterations in GJ permeability due to mutations might modulate expression of bone matrix proteins and calcification (27, 28) , which, in turn, leads to the craniofacial and dentodigital abnormalities commonly observed in ODDD and Cx45 mutation carriers. In contrast to these phenotypic similarities, ophthalmological or neurological findings are observed only in ODDD, and most importantly, arrhythmias or CCD have never been reported in patients with ODDD. This might suggest that the relation between electrical coupling in an in vitro system and arrhythmogenesis in a human heart is not direct. It has been reported that Cx43 mutations not only affect the cell-to-cell coupling though a GJdependent mechanism, but also modulate cardiac excitability through a GJ-independent mechanism involving other molecules, such as the sodium channel and microtubles (29). sequence. Orange rectangles indicate mutation residues in GJ genes responsible for human diseases. Note the perfect conservation of the residues 64 to 87, including R75 among all the Cx45 orthologues and that of R75 among the paralogues (Cx26, Cx32, Cx40, Cx43, and Cx46).
The R75 is a hot-spot residue among the human connexin diseases. E1 ¼ first extracellular loop; TM2 ¼ second transmembrane helix.
Germline mutations of GJ genes associated with CCD are extremely rare; only 1 mutation in GJA5
(encoding Cx40) has been reported in a family with malignant CCD with His-Purkinje system disturbance, characterized by wide QRS complexes (17). The ventricular conduction defect in GJA5 mutation carriers is in striking contrast to the progressive conduction disturbance restricted to the atrium and node in GJC1 mutation carriers seen in this study.
Among 5 additional rare variations identified in the 2 families (Table 3) , variations of ZNF683, ZNF22, and ATAD2B are not listed in any variation databases, and we could not exclude the possibility that these variations might modify the phenotypes of the proband of family A, which were related or unrelated to the progressive atrial conduction system defects with bone malformation. However, GJC1-p.R75H is the most likely disease-causing mutation because: 1) the identical mutation GJC1-R75H was identified in 2 unrelated families, 1 being a de novo mutation and the other showing family co-segregation; and 2) the pathological significance of this mutation was further Mutation R75H in gap junction gamma-1 protein (GJC1) encoding connexin-45 is responsible for a new inherited bradyarrhythmia syndrome associated with congenital atrioventricular (AV) block, progressive atrial conduction system disturbance that results in atrial standstill, and extracardiac abnormalities of craniofacial, dental, and
is required for normal channel function but not for GJ assembly (34) .
Cx45 is strongly expressed in the early embryonic myocardium, and plays an essential functional role during development. Accordingly, homozygous Gjc1-deficient mice are embryonic lethal. In the adult heart, Cx45 is mainly restricted to SA and AV nodes.
Our Gjc1-CKO mice exhibited intermittent spontaneous atrial pauses and SA node dysfunction after tamoxifen administration, whereas AV nodal dysfunction was not observed ( Figure 5 , Online Tables 3 and 4 ). This discrepancy of AV nodal function between patients with the GJC1 mutation and Gjc1-CKO mice might reflect species differences of GJ isoform expression in the AV node. Cx30.2 (Gjd3) was expressed in the mouse AV node, but its orthologue Cx31.9 was not expressed in human heart (35) . Heart diseases
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Poor growth ----þ/-ODDD ¼ oculodentodigital dysplasia (Online Mendelian Inheritance in Man [OMIM] #164200) associated with GJA1 mutations (25) ; other abbreviations as in Table 1 . 
